Key message A self-fertility locus was fine mapped to a 1.6 cM region on linkage group 5 in a perennial ryegrass population. This locus was the main determinant of pollen self-compatibility. Abstract In grasses, self-incompatibility (SI) is characterized by a two-loci gametophytic (S and Z) mechanism acting together in the recognition and inhibition of self-pollen. Mutations affecting the expression of SI have been reported in a few grass species. In perennial ryegrass (Lolium perenne L.), a mutation independent from S and Z, and mapping on linkage group 5 (LG 5), was previously reported to produce self-fertile plants. Here, we describe fine mapping of the self-fertility (SF) gene in a perennial ryegrass population and determine whether there is any effect of other genomic regions on the pollen compatibility. The phenotypic segregation of SF showed a bimodal distribution with one mean at 49% pollen compatibility and the other at 91%. Marker-trait association analysis showed that only markers on LG 5 were significantly associated with the trait. A single gene model explained 82% of the observed variability and no effects of the other regions were detected. Using segregation and linkage analysis, the SF locus was located to a 1.6 cM region on LG 5. The flanking marker sequences were aligned to rice and Brachypodium distachyon reference genomes to estimate the physical distance. We provide markers tightly linked to SF that can be used for introgression of this trait into advanced breeding germplasm. Moreover, our results represent a further step towards the identification of the SF gene in LG 5.
Introduction
The Gramineae family displays a wide range of reproductive mechanisms among its more than 10,000 species, some promoting self-pollination, and others cross-pollination due to mechanisms such as dioecy and self-incompatibility (Connor 1979) . Different to other known self-incompatibility (SI) systems, SI in grasses is characterized by a two-loci gametophytic (S and Z) mechanism acting together in the recognition and inhibition of self-pollen. A pollen grain is incompatible, if its alleles at both S and Z are present in the female genotype (Lundqvist 1954) . This is a strong mechanism and so the seed from self-pollination is difficult to obtain. This particular SI system is restricted to the tribes Poaceae, Aveneae, and Triticeae, which encompass a great number of forage and cereal grasses. It was also shown that this SI system is conserved across different genera within these tribes (Li et al. 1997; Baumann et al. 2000) .
Where SI is present, cultivar development is restricted to synthetic or population varieties, maintaining high levels of heterozygosity, but also heterogeneity and often segregation for deleterious alleles. However, mutations affecting the expression of SI have been reported in a few grass species (Do Canto et al. 2016) . But with the exception of rye (Secale cereale L.), such mutations leading to self-fertility (SF) have not yet been exploited for breeding purposes, for example, to develop inbred lines or to purge deleterious alleles in breeding populations.
In perennial ryegrass (Lolium perenne L.), mutations independent from S and Z, and mapping in linkage group 5 (LG 5), were responsible for producing self-fertile plants in Communicated by Aimin Zhang.
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The online version of this article (https://doi.org/10.1007/s00122-017-3038-6) contains supplementary material, which is available to authorized users. three different populations (Thorogood et al. 2005; AriasAguirre et al. 2013; Manzanares 2013) , implying that SI is more complex than initially thought. If a mutant at this locus impairs SI, the functional gene is likely part of either the recognition or the pollen tube arrest response. Its mode of action is simple: only pollen grains carrying the mutant allele develop pollen tubes being able to penetrate the stigma and to reach the ovary. Offspring by self-pollination of a heterozygous genotype for the mutation segregate into homozygous and heterozygous at a 1:1 ratio and no self-incompatible individuals are recovered (Do Canto et al. 2016 ).
Whether inbred lines or selfed progeny are required, SF mutations need to be introgressed into the breeding populations first. Even though such mutants are likely to be present in any self-incompatible grass species, current reports are limited to three species: rye (Lundqvist 1958) , perennial ryegrass (Thorogood and Hayward 1991) , and Phalaris coerulescens Desf., (Hayman and Richter 1992) . Alternatively, SF can be introgressed from self-fertile relatives, when interspecific hybridization is possible as was the case of the SF introgression from Lolium temulentum L. into perennial and Italian ryegrass (Lolium multiflorum L.) (Thorogood and Hayward 1992; Yamada 2001) . Whichever path is chosen, markers closely linked to the gene are needed for an effective introgression and subsequent elimination of the donor genome.
Recently, Arias-Aguirre et al. (2013) mapped an SF gene to a 14 cM region in LG 5 in an F 2 population derived from a cross between a self-fertile and a self-incompatible genotype. Markers linked to the S locus in LG 1 and Z in LG 2 segregated independently from SF, but deviated significantly from Mendelian ratios. The same was true for a region in LG 3. The main objective of this work is to narrow down the SF locus region in LG 5 to a few cM in the same mapping population used by Arias-Aguirre et al. (2013) , and to connect this region to the physical maps of sequenced grass genomes. In addition, we aimed to determine, whether there is any effect of the S, Z, and LG 3 genotypes on pollen compatibility.
Materials and methods
To fine map the SF gene on LG 5, a sample of the population was first used to identify the flanking markers and determine possible interactions with other regions known to control SI, using segregation and linkage analysis. All the plants of the population were then genotyped with these flanking markers to identify recombinants. Only recombinants were phenotyped and genotyped with additional markers to finally map the trait to a narrow genetic region. This two-step fine mapping approach allows to gain precision, while reducing the number of plants requiring phenotyping, without decreasing the total population size. This was necessary considering the low through-put of the phenotyping method.
Plant materials
The SF mapping population of Arias-Aguirre et al. (2013) was used, which is segregating for an SF gene in LG 5. Briefly, a self-fertile inbred obtained after five generations of single seed descent, and a self-incompatible plant from the VrnA mapping population (Jensen et al. 2005) were crossed. The self-fertile parent is assumed to be homozygous for the SF mutation, while the self-incompatible genotype carries only incompatibility alleles. A single F 1 plant, heterozygous for the mutation, was self-pollinated to obtain the F 2 mapping population, consisting of 1248 plants. From these, a subset of 94 plants was initially used to identify the flanking markers in LG 5 and to study possible interactions with other genome regions.
Phenotyping
The percentage of self-compatible pollen of every plant was determined by in vitro pollination tests (Lundqvist 1961) using fluorescence microscopy (Kho and Baer 1968) . For each plant, five mature and unpollinated pistils were dissected in the morning before the pollen was shed and transferred to 47 mm petri dishes with growing medium consisting of 2% agarose, 10% sucrose, and 100 ppm of boric acid. Anthers from the same plants were collected late in the morning and shaken over the pistils, so that the fresh pollen was evenly spread over the stigmas. A 2 h period was provided to allow compatible pollen tubes to grow and incompatible pollen to get inhibited. After that, the pistils were briefly submerged in a staining solution containing 0.2% aniline blue and 2% K 3 PO 4 by applying a few drops. The stigmas were, thereafter, separated from the ovaries using a razor blade, placed over a microscope slide with another drop of the staining solution, and finally covered with a cover slip. Pollinated stigmas were analyzed using a Zeiss Axioplan II UV light microscope (Carl Zeiss, Göttin-gen, Germany) at the Microscopy and NanoImaging Facility of Iowa State University. Compatible pollen grains are usually translucent; their pollen tubes have a bright color and can be observed to grow towards the style. Inhibited pollen grains are usually bright and a short and thickened pollen tube can be observed. Compatible and incompatible pollen grains were counted, and on every stigma, between 10 and 60 pollen grains were observed. Stigmas of a single plant were considered subsamples; the percentage of compatibility was calculated for every subsample and used to estimate the mean for each plant. Replication at different days was done for a few plants at the beginning of the experiment and showed high consistency among them.
DNA extraction and genotyping
DNA was extracted from the young leaves following a CTAB (cetyl trimethylammonium bromide) based protocol (Doyle and Doyle 1987) . Leaf samples were frozen in liquid nitrogen and ground to powder before being suspended in CTAB buffer and incubated at 65 °C for 1 h. Chloroform and RNase were used for purification from proteins, lipids, and RNA. Nucleic acids were precipitated with isopropanol and pelleted by centrifugation. Two washing steps with 75% ethanol were performed before re-suspending the DNA pellet in sterile distilled water.
Genotyping was done using High Resolution Melting analysis (HRM). The PCR reaction mix contained 0.2 mM of dNTPs, 25 mM of magnesium chloride, 20-30 µM of each, forward and reverse primers depending on the primer set, 1× LCGreen dye (BioFire Diagnostics, Inc., Salt Lake City, UT, USA), and 20 ng of DNA. To prevent evaporation during light scanning exposure, 20 µl of mineral oil was added. PCR amplification was conducted in a BIO RAD T100TM Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and based on the protocol of Studer et al. (2009) . The annealing time was increased to 1 min and the number of cycles increased to 44 to improve specificity. HRM analysis was done in a LightScanner TM Instrument and LightScanner ® Analysis Software with Call-IT ® 2.0 software modules (Idaho Technology Inc., Salt Lake City, UT, USA), with the melting temperature ranging from 60 to 98 °C.
Fine mapping: phase I
The initial subset of plants was genotyped with six markers surrounding the region of interest on LG 5 plus markers linked to the SI loci S and Z, and five markers in LG 3 (Online Resource 1). Markers on LG 5 included the four markers that were previously found to be significantly associated with SF and two markers flanking the region (AriasAguirre et al. 2013). Markers on LG 3 were within a region that showed segregation distortion previously (Arias-Aguirre et al. 2013) .
With the purpose of grouping plants with similar compatibilities and for further segregation analysis, a disjoint cluster analysis was performed on the basis of Euclidean distances computed from mean compatibilities using the FASTCLUS procedure in SAS ® software version 9.4 (SAS Institute Inc., Cary, NC, USA). Phenotypic segregation was then analyzed to determine whether it could be explained by a single qualitative gene. The segregation into two classes in a 1:1 ratio was tested with a χ 2 test of goodness of fit. Single marker association with the compatibility classes was analyzed by χ 2 tests of independence.
An analysis of variance (ANOVA) was performed to test the effect of the genotype at the SF locus using the GLM procedure in SAS ® with plants within clusters as the error term. In addition, we tested whether the observed variation around the mean of the compatibility clusters was due to quantitative effects of S or Z alleles as well as alleles of loci in LG 3, or due to error. The data were separately analyzed for each cluster with the marker genotypes as the explanatory variables and pollen compatibility as the response variable.
Genotypic data were used to create a linkage map using the OneMap software (Margarido et al. 2007 ). Recombination fractions between all the pairs of markers were estimated with a two-point test and linkage groups were determined using a maximum recombination fraction of 0.5 and a LOD score of 3.0. Marker orders within LGs were obtained by estimating the multipoint likelihood of all the possible orders using the compare function which identifies the most likely order. The Kosambi mapping function was selected for estimation of mapping distances. In a different run, phenotype classes for SF were included and treated as markers to find a tentative position of the SF locus and identify its flanking markers.
Fine mapping: phase II
The 1154 remaining plants of the population were genotyped with the flanking markers identified in phase I. All the plants showing a recombination between the flanking markers were selected. They were vernalized in growth chambers for 8 weeks at 5 °C and short photoperiod conditions (8 h day/16 h night). Plants were then transferred to the greenhouse and kept at 23 °C and long photoperiod conditions (16 h day/8 h night) for flowering. The recombinant plants were phenotyped by in vitro pollination tests, as described above.
The phenotypes obtained were classified into two phenotype classes as described in phase I and the segregation compared to a 1:1 ratio using a χ 2 goodness of fit test. The Lolium genome zipper (Pfeifer et al. 2013 ) was used to identify and obtain the primary sequence of additional markers using the flanking markers as reference. Microsatellites were identified within the sequences using WebSat software (Martins et al. 2009 ). For SNPs, alternative sequences were obtained from the genome zipper when available or from published sources (Studer et al. 2012) . Primers were designed with Primer-BLAST (Ye et al. 2012 ) using 60 °C as the primers' melting temperature (T m ). Primer sets with the smallest product size and lowest self-and self 3′-complemantarity (self-binding affinity) were selected making them more suitable for HRM. An additional set of markers designed on perennial ryegrass cDNA reads aligned with conserved regions in rice (Manzanares 2013; Manzanares unpublished) were also screened. Markers were tested for polymorphism in a small sample of the population. Fifteen new polymorphic markers were used to genotype the recombinants (Online Resource 1).
A marker order was first obtained using the software OneMap with the genotypic information from all the recombinants. Initially, a map was constructed using a two-point algorithm. The map was then optimized by selecting a sample of equally spaced markers to build a frame based on the multipoint likelihood of all the possible orders between them and choosing the most likely one. The remaining markers were added one at a time based on LOD scores at different positions. The whole process is automated in the function order.seq and try.seq. The procedure was repeated using four different ordination algorithms to obtain the set of markers for the initial frame: rapid chain delineation (Doerge 1996) , seriation (Buetow and Chakravarti 1987) , recombination counting and ordering (Van Os et al. 2005) , and unidirectional growth (Tan and Fu 2006) . The ordering coincidence between the different methods was used as an indication of the right order and any conflicting markers, those assigned to different positions depending on the method, were eliminated. A similar process was used to obtain a second marker order which included the SF phenotype as marker. For the latter, only information from those recombinants that could be phenotyped were used. Recombination frequencies between adjacent markers were obtained via the expectation maximization (EM) algorithm with the rf.2pts function in Onemap, based on the total population size. Recombination frequencies between markers and the SF locus were obtained by estimating the number of recombinant gametes in the 210 recombinants based on the recombination frequency in the 113 phenotyped plants and then dividing by the total number of gametes in the 1248 plants as follows:
where rf1248 is the estimated recombination frequency in the whole population and rf113 is the recombination frequency in the 113 phenotyped recombinant plants.
The recombination frequencies were then used to calculate the map distances based on Kosambi mapping function:
where d is the mapping distance and r is the recombination frequency (Kosambi 1943).
rf 1248 = (rf 113 × total gametes 210)∕total gametes 1248
Results

Fine mapping: phase I
Genotypic segregation
The marker genotypes of the initial subset were obtained and their segregation was analyzed ( Fig. 1) (genotypic data is given in Online Resource 2). Two markers in LG 5 (G01_045 and G03_096) had one of the homozygous classes under-represented, while for the other four markers, the allele from the self-incompatible parent was totally missing. For these four markers, segregation between the other homozygous and the heterozygous genotype did not differ from a 1:1 ratio (P = 0.05). For the S locus, one of the homozygous and the heterozygous class segregated at a 1:1 ratio, while the other homozygous class was missing. For the Z locus, all the three genotype classes were present, but one of the homozygous classes was underrepresented and segregation deviated significantly from a Mendelian ratio (P ≤ 0.01). In LG 3, markers G05_090, G07_071, and G04_098, did not significantly differ from a 1:2:1 ratio or 3:1 (G07_058) ratio (P ≤ 0.05). Marker G02_079 in LG 3 was under-represented for one of the homozygous classes, while the other two classes segregated at a 1:1 ratio (P ≤ 0.05). After linkage analysis, all the molecular markers were assigned to their respective
LGs (Fig. 2) .
Phenotypic segregation
The phenotypic observations were clearly clustered into two groups (Fig. 3) . The first cluster included 39 plants with a mean compatibility of 91.3 (SD 6.3), while the second cluster consisted of 55 individuals, with a mean of 48.8% (SD 5.9). The clustering diagnostic statistics confirms adequacy of grouping the data into two clusters. The within cluster R 2 is 0.92 and the ratio of between-cluster variance to within-cluster variance is 12.2 (see Online Resources 6).The separation into two phenotypic classes indicates a qualitative mode of gene action. Phenotypic data are given in Online Resource 3.
Under the hypothesis of a single gametophytic gene causing SF, only the heterozygote SF IF and the homozygote SF FF (SF I is the incompatible allele and SF F is the self-fertile) are expected in the F 2 generation at a 1:1 ratio, resulting in the expected 50 and 100% pollen compatibility classes. The mean compatibilities of the two clusters are very close to these expected values. The χ 2 test of goodness of fit showed no significant differences between the observed and expected segregation ratios (Table 1) . Fig. 2 Map location of markers used in phase I. Marker 05_02911 located in LG 1; marker LpKG 1 in LG 2; markers G04_098, G07_071, G05_090, G07_058, and G02_079 in LG 3; markers G01_045, G05_071, G03_052, G06_096, G05_065, and G03_096 in LG 5
The ANOVA analysis showed that the effect of a single SF gene with the homozygous for the self-fertile allele producing highly compatible phenotypes (cluster 1) and the heterozygous producing partial compatible phenotypes (cluster 2) was highly significant (P ≤ 0.0001). The model explained most of the observed phenotypic variation (R 2 = 0.82).
Marker-trait associations
The χ 2 test of independence for marker-trait associations showed highly significant P values for all the markers in LG 5, indicating a strong co-segregation of markers in this region with the tentative SF locus. All the markers in LG 3 as well as the S and Z locus segregated independently from the compatibility groups, indicating no major effect on the phenotype (P ≤ 0.05) ( Table 2) .
Within the partial compatible group (cluster 2), the phenotypic means of the different genotypes at S, Z, and markers at LG 3 were very similar. The analysis of variance showed that there was no significant effect of the genotype at these loci on the level of pollen compatibility (P = 0.4369). The same was true for the highly compatible group (cluster 1) (P = 0.3419).
Assuming a single gene with qualitative action, SF was included as a marker and a linkage analysis was performed to find a tentative position. The SF locus was mapped in LG 5, 4.3 cM distal from marker G05_065 and 15.9 cM proximal to marker G03_096 (Fig. 4) .
Fine mapping: phase II
The remaining 1154 plants of the population were genotyped with the flanking markers identified in Phase I (G05_065 and G03_096). A total of 210 recombinant individuals were found. From these, 85 plants did not flower and 12 failed to shed pollen and could not be phenotyped. The remaining 113 plants were phenotyped, 59 of them were assigned to the partial compatible group and 54 to the highly compatible group (Table 3 and Online Resource 4). The observed segregation was not significantly different from the expected 1:1 segregation ratio (P ≤ 0.05).
Two linkage maps were created, the first one with the 210 recombinants and the second using only the 113 plants that were genotyped and phenotyped. Marker orders were compared and found to be identical. A third map was created with the 133 phenotyped plants, but this time with the SF phenotype as a marker. SF was located between markers G05_065 and G06_096 without changing the order of markers (genotypic data is given in Online Resource 5). Recombination fractions between markers were obtained based on 1248 plants (Table 4) . Genetic distances where converted to mapping distances using the Kosambi mapping function. The 18 markers, including the SF locus covered a region of 19 cM. A densely covered region of 4.9 cM between markers 12_19535 and rg1_012d_d09 surrounds the SF locus, with 13 markers at an average distance of 0.38 cM. The SF locus maps within a 1.6 cM region, being 0.61 cM away from marker G05_065 to one side and 1.0 cM from G06_096 to the other side.
A BLAST search on the plants databases of the PGSB Plant Genome and Systems Biology (http://pgsb.helmholtz-muenchen.de/plant/search.jsp) using the Oryza sativa RGAPv7 CDS.fa dataset, indicated that marker G05_065 sequence (GenBank: ES699367.1) has a 389 bp alignment with 88% identity with rice locus LOC_Os12g37415.1, while marker G06_096 (GenBank: EY458028.1) has a 354 bp alignment with 84% identity with locus LOC_ Os12g35550.2, both located on the chromosome 12, 1.35 Mbp apart from each other. The same search was repeated using the B. distachyon MIPS_V1.2_CDS.fa dataset. Marker G05_065 has a 398 bp alignment to locus Bradi4g04720.1 located on Brachypodium chromosome 4 with 93% identity, and marker G06_096 has a 377 bp match with Bradi4g05590.1 at 87% identity also on the chromosome 4, the distance between them being 807 kbp.
The B. distachyon physical interval between both the loci was used to search for annotated genes in Gramene database release 52 (Gupta et al. 2016 ) (http://www.gramene.org). A total of 89 protein coding genes are located within this region. Among them, a gene coding a leucine-rich repeat domain (LRR) protein with medium to high expression in anthers (533 FPKM) and low or no expression in other parts of the plant was found. Another gene, coding a universal stress protein A (Usp A), is expressed only in anthers. A different gene, with a medium-high expression in the pistil (474 FPKM) but low or no expression in other organs, codes a protein with a Thaumatin family domain. Another one codes a basic-leucine zipper domain (bZIP) transcription factor with medium-high levels of expression in anthers, pistils and other reproductive organs. Other genes with no organ-specific expression are: an integral component of membrane with a domain of unknown function (DUF4149), a universal stress protein (USP), and a thioredoxin domain protein.
Discussion
Our results revealed that SF in our fine mapping population is caused by a single locus, supported by a 1:1 phenotypic segregation. Only markers on LG 5 were significantly associated with the trait, indicating no major effects of genes outside this region.
According to their phenotypes, plants were separated into two clearly differentiated groups and the ratio of plants among these groups agreed with a 1:1 ratio. A single gene model accounted for almost all the variability. The single gene mode of action is in agreement with previous studies in perennial ryegrass (Thorogood and Hayward 1991; Thorogood et al. 2005; Arias-Aguirre et al. 2013; Manzanares 2013) , Phalaris coerulescens Desf., (Hayman and Richter 1992) , and rye (Voylokov et al. 1993) . Thorogood et al. (2005) mapped a SF mutation in LG 5 (T locus) and found an interaction with a SF mutation in the S locus, the latter coming from a different parental source. However, the T locus was not tested independently from the S locus mutation and thus, interactions with functional S alleles are not known. In our population, the 1:1 segregation of S locus genotypes with one of the homozygous classes completely missing was intriguing. However, the segregation was independent from SF locus segregation. Thus, other factors are responsible such as gamete selection against this particular S allele on the female side.
A quantitative interaction with alleles at other loci was never tested before, since all the previous works used a discrete classification of phenotypes into compatibility classes, which eliminates any possible variation on pollen compatibility due to quantitative effects. The genotypes at S and Z did not affect the mean pollen compatibility in any of the two phenotype groups, and the same was true for markers in LG 3. Thus, for the alleles present in our population, interactions can be disregarded. Our results are consistent with the hypothesis of a single gene acting gametophytically and epistatic over S and Z, where a pollen grain carrying the SF mutation is able to overcome the SI barrier, no matter what S-Z allele combination is present (Arias-Aguirre et al. 2013; Do Canto et al. 2016) .
We were able to fine map the position of the SF locus to a 1.6 cM region between the markers G05_065 and G06_096. These two markers are within the interval found to be significantly associated with SF by Arias-Aguirre et al. (2013) . Our two-step approach and phenotyping only the recombinants allowed us to use a large population size, which in turn resulted in a higher precision and the possibility to map markers that are less than 0.5 cM apart.
It was not possible to compare our mapping results with those of Thorogood et al. (2005) , because there are no markers in common between the two experiments. However, there are some interesting similarities to the map obtained by Manzanares (2013) using a different population. Three markers are common in these two experiments: G05_065, G06_096, and 12_19937. Markers G05_065 and G06_096 mapped side by side within the T locus region (analogous to our SF locus) along with three other markers, while marker 12_19937 is one of the flanking markers of the T locus region. In our population, marker 12_19937 was also mapped very close to marker G06_096, and just 1.57 cM away from the SF locus. Three of the markers employed by Manzanares (2013) were not polymorphic or unspecific in our population: G01_095, PTA.2547.C1, and 12_21248 (data not shown), while the opposite was true for markers rg1_012d_d09, 12_22211, and 12_23502.
The difference in polymorphism for these six markers is consistent with the different genetic backgrounds of the two populations. The three markers linked to the SF gene in both the populations indicate that T and SF are the same locus, and that it can be functional in different genetic backgrounds.
It remains to be answered whether there is only a single conserved SF locus on LG 5 in perennial ryegrass and other grasses or if different SF loci are present in different species and populations. An indirect comparison can be performed by aligning the sequences of the markers linked to the T locus of rye (Egorova et al. 2000) , P. coerulescens (Hayman and Richter 1992) and perennial ryegrass (Thorogood et al. 2005; Manzanares 2013 ) to the sequenced genomes of rice and B. distachyon. It can reveal if they map in the same or different physical region, indicating the likelihood of being a single conserved locus or different loci. Unfortunately, such comparison could not be performed, since most of those marker sequences are not publicly available.
Alignment of the SF locus region to the physical maps of rice and B. distachyon provided an estimation of the physical distance. These regions are still large and have a large number of genes within them, making it difficult to identify candidate genes. However, in B. distachyon, a few of them are mainly expressed in anthers or stigma. The LRR-domain protein coding gene, even though it has no biological process or cellular component predicted, LRR-domains seem to facilitate the formation of protein-protein interactions and are involved in a range of biological processes. This includes signal transduction, cell adhesion, disease resistance, apoptosis, and the immune response (Rothberg et al. 1990 ), all of which can potentially be involved in the inhibition of self-pollen tube growth in the stigma. The UspA genes are predicted to be related to the MADS-box proteins and bind to DNA. Transcriptional induction of the UspA gene of Escherichia coli occurs when conditions cause growth arrest, while in vitro, UspA undergoes autophosphorylation (Freestone et al. 1997) . Phosphorylation is involved in the signaling cascade of the SI reaction in the Papaver SI system (Takayama and Isogai 2005) , and notably, an increase in phosphorylation activity in pollen was found in incompatible pollinations in rye (Wehling et al. 1994) . The Thaumatin family domain gene expressed only in the pistil, also known as pathogenesis-related group 5, is involved in acquiring resistance and stress response, and accumulate in plants in response to infections (Ruiz-Medrano et al. 1992) . A similar response may be triggered in the stigma to block the pollen tube growth in incompatible pollinations. The bZIP domain proteins are sequence specific DNA-binding proteins and are involved in different biological processes (Hurst 1994) . The bZIP gene product has probably a more general role during flowering and embryo development, since it was expressed in different organs. The next step is to target the gene include identification of molecular markers between the flanking markers identified in our population. The sequences of rice and B. distachyon syntenic to the ryegrass SF locus are good candidates for microsatellite and SNP identification. In our population, 23 plants had a recombination between the flanking markers. This group of plants can be used to identify recombination breakpoints and further narrow down the target region, followed by map-based gene isolation. Specific polymorphisms within this region could also be assessed by Genotyping-bySequencing (GBS) technology (Elshire et al. 2011; Poland and Rife 2012) to find the specific region responsible for the trait variation.
Flanking markers at a short distance enable introgression of the SF gene into breeding populations of perennial ryegrass and related species by marker-assisted selection and backcrossing. The flanking markers identified in our experiment are 1.6 cM apart from each other, making double crossover events between them and misclassification of genotypes very infrequent. Both markers also allow selection of genotypes with recombination events close to the target gene and hence reduce linkage drag (Frisch et al. 1999a, b; Ribaut and Hoisington 1998) .
Conclusions
Our results are an important step forward towards the identification of the SF gene in LG5. No interactions with other loci were found, suggesting a major role of this gene in SI response when the non-mutant allele is present. Future work may include sequencing technologies to find the specific polymorphism causing the breakdown of the SI mechanism as well as gene expression and function analysis that will ultimately contribute to determine the genetic and biochemical pathways behind SI and SF in grasses.
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